INTRODUCTION
The Yucatan peninsula is mainly fonned by marine carbonated semments. A Tertiary calcareous sequence crops out in a large part of Yucatan without signifi cant defonnation and appears as a calcareous plateau slightly inclined to the north-west. This is the direction in which the Cenozoic units (Tertiary mainly) showed a gradual retreat of the sea towards the present line of the coast (Moran-Zenteno 1994) . This is a karstic zone that does not have water at the surface (rivers or lakes) and the underground water is accessible at sinkholes produced by the falling of the surface rock. These important fonnations are locally called cenotes (from the Mayan dzonot, a well venerated by the ancients because it contained water that never saw the light).
This tropical peninsula was densely populated in the past. Archaeological fi ndings have demonstrated that the ancient Maya created complex trade networks (Sabloff and Rathje 1975) , systems of water storage and distribution (Scarborough and Gallopin 1994) and a sustainable system of agriculture. Many important Maya archaeological sites can be found in this area, in particular those corresponding to the Puuc (from the Mayan for 'hills') characterized by an architectural ornament at vault level, dating from the Late Classic Period (AD 800-1000).
Palygorskite is known since ancient times in Mesoamerica, in particular in the Mayan Lowlands. There are several fundamental facts that indicate that this material and its properties were very well known by the Maya and that it was linked to sociocultural aspects of the Maya culture. The first fact is that palygorskite (locally known as saealurn) is still known amongst the indigenous communities of the Yucatan peninsula (Yucatan and Campeche states) and is used for several applications, including ritual ceremonies (fabrication of candles used on the Day of the Dead), domestic and art craft ceramic production (pottery fabrication in the area of Ticul), and medical treatments. Its use as a curative agent (Bohor 1975) was both external for pain relief in cases of mumps and abdominal pain, and as a drug for dysentery diseases and also for pregnant women (Folan 1969) . It is remarkable that palygorskite and other clays are also used in modem pharmacology as an anti-diarrhoeic (Viseras and L6pez-Galindo 1999) , as the Maya did more than 1000 years ago. These traditions, which survived for a number of centuries, also suggest that palygorskite was more intensively used in the past.
The most important use of palygorskite is as the main ingredient in the Maya blue pigment.
It is made by embedding an organic colorant (indigo, obtained from the Indigo/era suffrutieosa plant, locally known as anil or xiuquilitl) in the clay matrix of palygorskite. The resulting compound has an extraordinary resistance to chemicals and environmental aggression. The Maya blue was invented by the Maya in the period from the sixth to the eighth century. It has been found in archaeological artefacts all over Mesoamerica, from the Gulf to the Pacifi c coasts, suggesting that the Maya exported the Maya blue to most Mesoamerican cultures, such as Olmec-Xicalanca, Totonac, Huastec and Aztec. It was also used in Colonial times for the decoration of convents and churches (Reyes-Valerio 1993) , at least until the end of the 16th century. Even later, it was employed for decoration of civil buildings in Colonial Cuba (Tagle et al. 1990) .
In this work, we study palygorskite samples collected in several locations in the Yucatan peninsula and compare them to other palygorskites from other sources in the world. The Yucatecan samples were not only obtained from sources well described in the literature, but also from new ones. The analysis of these samples aims to answer the following MO questions: (i) Did the Maya mine palygorskite from one or a few well-located sources or, on the contrary, is palygorskite very frequent in Yucatan and could it have been obtained from many places? (H) Does the Yucatecan palygorskite present mineralogical characteristics different from other origins that could be recognized in archaeological Maya blue?
MATERIALS
Prior to the retrieval of palygorskite samples, an exhaustive bibliographical search identifi ed the possible historical sources. Many of these sources were studied in an ethno-historic context (Folan 1969; Arnold and Bohor 1975; Bohor 1975; Arnold 2005; Arnold et al. 2007) . Using these data, we defi ned a searching area consisting of a circle of about 40 km radius, centred on the archaeological site of Uxmal (see Fig. 1 ). Most of the sites referred to in the literature lie inside this area.
The three most important sites are as follows:
• The eenote in a village called Sacalum. This is probably the best documented source (Arnold and Bohor 1975; Bohor 1975) because there is archaeological evidence of its use as a palygorskite mine in ancient times. In our visit to the cenote, we collected a sample (labelled Y19) from the debris of extraction work lying on the cenote's floor, close to the entrance stair. Inside the cenote, there is a small entrance to a contiguous chamber of .... .. 300 m 2 , the mine, accessible via a tunnel excavated in the palygorskite deposit (Bohor 1975) . There is direct evidence that a high amount of palygorskite was extracted in the past. Local inhabitants informed us that although the mine is not exploited at present, some people occasionally enter to extract palygorskite for fabricating cosmetics. The sample Y8 was obtained from inside the mine .
• The Ticul-Chapab road. There are many sources of palygorskite along this road. They are well known by the potters of Ticul, who use palygorskite as temper for improving the characteristics (resistance to fracture) of their pastes (Amold 1998) . One site was studied in a geological context, sampling from existing prospection wells (Bohor 1975) . We were not able to identify these wells. Another site is related to an ancient mine (Arnold 2005) . Palygorskite from this zone, obtained from the Ticul potters, was used in recent works (Chiari et at. 2003; Giustetto et al. 2005; Sanchez del Rio et al. 2006a) . Three places were sampled. The fi rst one, about 3-4 km from Ticul, on the right-hand side when looking in the direction of Chapab, could correspond to the old mine. It is located at coordinates N20025.337' W89°30A07'. We observed several cave-like holes in the floor, with direct evidence of extraction work in the past. A sample was taken (Y5) from the debris found on the floor. Another sample (Y6) comes from a second place, which is about 2 km further along the road, at N20026A93' W89°28.748'. A third place, about 7 km from Ticul, is much larger than all the others visited and has clear evidence of massive extraction of saealurn. It is at N20026.567' W89°28.643'. A sample (Y7) was collected from the tons of debris in this site. For the sake of completeness, we also included in the study another sample (YO) from this zone, used in previous works ( • Maxcanu. This site, a terrain cut on the railroad, is described by (Bohor 1975) . We unambigu ously identifi ed it thanks to the pictures in Bohor (1975) and with the help of local people. The site is at N20034.545' W89°54.49 l'. It presents different rocky, powdered and sedimentary materials. We sampled different points: the sample Yla comes from a sedimentary layer of approximately 2-4 cm. The sample Ylb is from a second point from the same layer. The samples Ylc and YId come from the contiguous bottom and top layers, respectively. The sample Yle comes from another point close to the sedimentary layer. It looks to be the dominant material in the deposit, marked as 'clay' in fi gure 4 of Bohor (1975) . Another layer was found with a very different colour (grey) and consistency (Y lf). Sample Ylg was taken from the other side of the railway.
Two new sites were sampled:
• A sascabera (N2 0031.51O' W90003.0l5') close to Chanchochola. This place is used at present for extracting sascab, calcareous material with good compaction characteristics, used for making roads. Two samples were taken, one from the predominant material (Y2a) and a second one (Y2b) looking very much like the samples Yla and Ylb from Maxcanu.
• Sample Y3 was collected in a recent road cut along the new Uxmal-Merida road (N20023.336' W89°46. l72').
A deposit in the Uxmal-Santa Elena road was cited in Amold et al. (2007) . We could not identify this exact place. Several road cuts exist and we sampled one (Y4) at N20020.826' W89°42.91S'. This work also mentions two other sites: a cenote in Manf, also visited, but where we could not identify palygorskitic clays, and Mama, a village where we were also unsuccessful in fi nding the palygorskite source.
We also obtained materials from a pottery shop in Ticul: a sample of sacalum (Y9) and one of sas cab (Y lO), materials used systematically as temper for pottery. Another sample from Tepakan, Campeche (Y13) was also analysed.
In addition to the Yucatecan samples, for our mineralogical and chemical analyses we used other palygorskites from other origins: Bercimuel (BERC), Esquivias (Ell), Torrej6n el Rubio (TOR), Los Trancos (TRA) and Nfjar (SNE) from Spain; Attapulgus (ATT) from Georgia (USA); and Lisbon (LISL) from Portugal. Most of these have been studied from other points of view (Garcfa Suarez and Garcfa Romero 2006) .
ANALYTICAL METHODS
Mineralogical characterization was performed by X-ray diffraction (XRD), using a Siemens D 500 XRD diffractometer with Cu Ko radiation and a graphite monochromator. The samples used were random-powder specimens. They were powdered, but used' as found', without any chemical treatment or washing. Powders were scanned in 28 from 2° to 65° with a step of 0.02° and 3 s integration time.
Particle morphology and textural relationships were established by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). SEM observations were performed using a JEOL JSM 6400 microscope, operating at 20 kV and equipped with a Link System energy-dispersive X-ray micro-analyser (EDX). Prior to SEM examination, freshly fractured surfaces of representative samples were air-dried and coated with Au under vacuum. TEM observations were performed by depositing a drop of diluted suspension on a grid of Ni with collodion.
The chemical composition was obtained by analytical electron microscopy (AEM) with TEM, in samples of great purity, using a JEOL 2CXXl FX microscope equipped with a double-tilt sample holder (up to a maximum of ±45°) at an acceleration voltage of 200 kV, with 0.5 mm zeta-axis displacement and 0.31 run point-to-point resolution. The microscope incorporates an Oxford ISIS energy-dispersive X-ray spectrometer (136 eV resolution at 5.39 keV). Structural formulae for palygorskites have been calculated from the ideal structure, normalized to 42 negative charges. Oxygen was not measured quantitatively. All the Fe present in the samples was considered to be Fe 3 + , thus neglecting the possible existence of Fe 2 + , the content of which is usually very low. The geochemical analyses were performed at the Activation Laboratory in Ontario (Canada). Major elements were obtained by Fusion-Inductively-Coupled Plasma (FUS-ICP) and trace elements were analysed using FUS-MS.
RESULTS AND DISCUSSION
The discussion here follows the different techniques used for obtaining complementary information on the Yucatecan palygorskite. The mineralogical characterization is discussed on the basis of the X-ray diffraction data. Morphological aspects, related to the fi brous structure, are unveiled by scanning electron microscopy (SEM). Electron microscopy was also used, this time in transmission mode (TEM), to obtain quantitative infonnation about the chemical fonnula of the palygorskites (crystallochemistry). Last, the geochemistry analysis allows us to 'fi ngerprint' the Yucatecan palygorskites in a wider geological context, using both major and trace element concentrations. When studying archaeological Maya blue pigments, these results can be of great help for rejecting or accepting the hypothesis of Yucatecan provenance of the palygorskite.
Mineralogical characterization and phase purity (X-ray diffr action)
XRD diffractograms were recorded for all samples, and a semi-quantitative mineral analysis was performed. Table 1 shows the results of the mineral analysis. All samples present a very homogeneous composition, mainly palygorskite and carbonates (calcite and dolomite). Only two samples (YId and Ylf) from Maxcanu contain dioctahedric smectites and a third one (Y lg) contains small impurities of quartz. The two sascab samples can be described as palygorskitic marls, the sample from Chanchochola is dolomitic, and the one from Ticul con tain both calcite and dolomite. The high purity of palygorskite in most samples is remarkable.
The materials of the Maxcaml deposit are limestones and marls in which there are clay levels in thin layers (2-4 cm), very rich in palygorskite (Y la and Ylb) or in dioctahedral smectite (Y lf). Calcite appears associated both with palygorskite and with smectite. Dolomite has not been identifi ed in this zone.
None of the samples studied present palygorskite in combination with other clays (smectites, sepiolite etc.). The possible occurrence of sepiolite in Yucatan is an interesting matter, because sepiolite has been found in archaeological Maya blue pigments (Gettens 1962; Shepard 1962; Shepard and Gottlieb 1962) . However, the presence of sepiolite is always related to blue pigments from the Valley of Mexico and it has never been found, to our knowledge, in Maya blue from the Maya region, an idea advanced by Shepard and Gottlieb (1962) : 'It is noteworthy that sepiolite has not yet been found in any Yucatecan or Mayan sample.' The absence of sepiolite in Yucatan implies that the blue pigment containing sepiolite found in some archaeo logical artefacts does not incorporate Yucatecan palygorskite. We did not find sepiolite in our samples, in agreement with other studies on Yucatecan palygorskite (de Pablo-Galan 1996; Chiari et al. 2003) . However, in the literature, the presence of sepiolite has occasionally been reported in Yucatan, but not in surface outcrops. For instance, traces of sepiolite were found in the Chicxulub crater in Yucatan (Wolfgaug et al. 2004) , resulting from the impact of a meteorite that has been proposed as a cause of the extinction of the dinosaurs, about 60 million years ago. Isphording and Wilson (1974) found that sepiolite is frequently present in Yucatan, usually in small quantities, but it was the dominant material in some of the samples that they examined, such as one from Edzna (Campeche), a site located south of the region explored in this work. Figure 2 shows the diffractograms of the samples with a high content or a full content of palygorskite. The similarities between all of them are remarkable. Although this observation may appear naive at first sight because the diffractogram is used to identify the mineral, it should be noted that clay minerals are characterized by a high compositional variability that is often related to structural variability aud that, in turn, is demonstrated in the X-ray diffractogram. In particular, it was noted that although the diffractograms of different palygorskites are similar, their intensities and the total number of peaks are never the same (Chishohn 1990). Recently, Suarez et al. (2007) reported an empirical law that relates the chemical composition of the octahedral sheet of palygorskite with the cell dimensions: the greater the Mg concentration, the larger is the a parameter. Therefore, differences in composition imply a change in the a parameter, which in turn affects the position of some peaks in the diffractogram. These compositional differences affect mostly the two first peaks, corresponding to the 110 (211= 8°) and 200 (211 = 14°) reflections.
The fact that two different palygorskites present different relative intensities could be related to a different proportion of the two crystallographic phases present in most palygorskites: monoclinic and orthorhombic (Chirst et al. 1969; Chishohn 1992; Chiari et al. 2003) . This is particularly evident in the diffractogram region corresponding to peaks 130 (211 = 16°) and 040, 121 and 310 (in the region 211 = 19-22°). As all of our saruples present similar intensities, their ratio of the two crystallographic phases is very similar, with a slightly higher concentra tion of the monoclinic phase-we obtained 55-65% monoclinic from Rietveld refi nement, depending on the fi tting conditions, in agreement with Chiari et al. (2003) and Giustetto and Chiari (2004) . From the similarity of the diffractograms aruongst the Yucatecan palygorskites, we deduce similar composition, as well as a similar presence of crystallographic phases. These two facts constitute well-defi ned characteristics of the Yucatecan palygorskites. To confi rm the validity of this hypothesis, we calculated peak positions for the 110 and 200 reflections and the relative intensities of the 110, 200, 130, 040, 121 and 310 reflections for the Yucatecan palygorskites and the other reference palygorskites. The scatterplot matrix (Fig. 3) always shows the Yucatecan samples grouped, fonning clusters that are distinguished from the others. This confi nns the great homogeneity of the Yucatecan palygorskite group with respect to the other palygorskites, both from the compositional and the structural points of view.
The morphology and texture ofpalygorskite (scanning electron microscopy)
Microtextural images by SEM show that the samples studied look similar and present the characteristic fi brous morphology of palygorskite (Fig. 4) . One can appreciate the high purity of the saruples. The fi bres of palygorskite are joined forming small bundles of 1-5 /lffi in length. These small bundles are arranged in parallel planes, with the c-axis (along the fibre axis) randomly oriented. The clay is formed by planar aggregates of bundles (Fig. 4 (b) ) showing the characteristic texture of the sedimentary palygorskite. From this point of view, the Yucatan palygorskite is similar to the other sedimentary palygorskites used as references (such as Bercimuel, To rrej6n or Esquivias). Although a geological study of the deposit is beyond the scope of this work, the texture of the palygorskites of the Ticul area suggests a depositional fonnation process from solution. Moreover, the high purity of the palygorskite samples, the absence of quartz and smectites, and the spatial relation of the fibre planes to carbonate levels would also support this origin by direct precipitation from solution. Therefore, there is no sign of any transfonnation processes in the samples studied here (Y7, Y8 and YI3), even though other authors (Bohor 1975; Isphording 1984; de Pablo-Galan 1996) have proposed that some Yucatecan palygorskites may be the result of diagenesis from dolomite or montmorillonite.
The crystallochemistry of palygorskite AEM analyses were used to calculate the structural fonnulae for some Yucatecan palygorskites (Y la, Y3, Y7, Y8 and YI3). The results are compared with other references and with the ideal palygorskite. In Yucatecan palygorskites, the tetrahedral sheet presents only a very small Figure 5 . The compositional results (see Table 2 ) clearly show that the palygorskites coming from the different localities in Yucatan have similar octahedral contents, and that they are also similar to other palygorskites, such as those from Attapulgus or Torrej6n (Suarez et al. 2007 ). This confi rms the previous results inferred from XRD. All these palygorskites belong to Type II (Suarez et al. fonnula calculated using the major element concentrations resulting from geochemistry analysis (see the next paragraph) (SimAlon) 0 2o(AI158F e 3 + o,,Mg23,)(OH)2(OH2)4Ca0l1Nao I l9 K o02-4(H, o). The differences found do not seem to be dramatic considering the diversity of techniques employed and the intrinsic compositional variability of the palygorskite. Moreover, it is remarkable that the octahedral content is similar for the three formulae. Lastly. it should be noted that the AEM method needs only a microsample. which makes it very suitable technique for analysis of Maya blue pigments from archaeological samples. The data presented in Table 2 will allow us to know whether or not the archaeological pigments present a crystal chemistry that is compatible with the Yucatan one. Cu 29 The geochemistry of palygorskite
The statistical analysis of the chemical data (concentration of major elements) as well as the trace elements may classify the samples in groups with different chemical fi ngerprints related to the geology of the deposits. Five Yucatecan samples, YO, Yla, Y7, YS and Y13, were selected for this study, together with seven palygorskites from other origins. The aim is to test whether all samples from Yucatan have similar contents in trace elements or, on the contrary, whether their contents in trace elements vary from one sample to another, thus depending on the deposit. The Yucatan samples are characterized by a low content in rare earth elements, both for light rare earth elements (LREE) and for heavy ones (HREE) ( Table 3) . Also, Y and U contents are particularly low in Yucatecan samples. In contrast, Hf and Zr are more concen trated in Yucatecan palygorskites than in the other palygorskites studied. Amold et al. (2007) found discrepancies in values of concentrations in Hf and Zr measured using two different techniques, one more sensitive to the bulk (INAA), and the other to the surface (LA-ICP-MS). They suggested the possible presence of minute zircon grains, more represented in the bulk. The sample from the eenote in Sacalum presents the highest values (17 Ilg g -1 for Ce, 10 Ilg g-1 for La and Nd), several orders of magnitude greater than the others. Also, the content in Y is especially low in these samples. The values of both the trace elements and major elements are good parameters to distinguish between Yucatecan and non-Yucatecan samples, as seen in Figure 6 . Moreover, it is also possible to differentiate the Yucatan group when looking at several bivariate plots (Fig. 7) or in a scatterplot matrix (Fig. S) . Therefore, the concentration of both trace and major elements in palygorskite defi nes a chemical fi ngerprint that characterizes the samples coming from Yucatan. Arnold et al. (2007) proposed to use trace element analysis (INAA and LA-ICP-MS) for provenance analysis of Maya blue pigment. They analysed many samples, most of them from the Yucatan area, and distinguished provenance groups within the Yucatan peninsula (Sacalum, Chapab and Uxmal) when looking at the bivariate plots of Rb versus V, Ni or Mn. Although we have analysed only one representative of each origin (see Ta ble 3), we have verifi ed that they present a similar trend. Our YO, Y7 and YS samples (lA < log 1O([Rb]) < I.S) group quite well with Amold's Sacalum group, and our Yla and Y13 are close to his Uxmal group. This is consistent with the geographic origin. The Yucatecan samples, as compared with all the rest, are particularly low in Mn. and this could be a simple fi ngerprint for addressing or excluding Yucatecan origins. In addition to Mn. the Yucatecan samples are different from the Attapulgus one (the only one from the same continent) because they are poor in several other elements CTi. Sr. Y. Ba. Wa nd Pb).
SUMMARY AND CONCLUSIONS
Several palygorskites of great purity have been collected in several places in the Yucatan peninsula. all located in a radius of 40 km around the archaeological site of U xmal. Some of 
